Terpenoids such as geraniol and citral are known to have antibacterial, antifungal and anti-cancerous properties; however, their mechanism of action is least understood. In this study, the antifungal mechanism of monoterpene alcohol (geraniol) and monoterpene aldehyde (citral) was studied using Saccharomyces cerevisiae throughout 120 h duration and over a maximum tolerable dosage of 0.5% (v/v). Cell growth studies using optical density readings at 600 nm (OD λ=600 nm ), Cell viability using MTT assay, Na + /K + leakage into media, osmotic stress using flame photometry, detection of metabolites like dehydroergosterol (DHE), H 2 O 2 using fluorescence spectroscopy, changes in functional group analysis using FT-IR, elemental analysis using EDAX, DNA damage using gel electrophoresis and cellular structural changes using SEM were carried out. Growth inhibition studies using OD λ=600 nm and MTT assays suggest that both geraniol and citral inhibited the growth kinetics significantly up to 0.1% v/v at and significantly increased beyond 0.1% at all the studied time points. Both the monoterpenoids induced the osmotic stress in S. cerevisiae measured as a change in reduction in pH, [H] + concentration, with elevation in [Na] + and [K] + leakage into the media. Geraniol treatment reduced the levels of metabolites, dehydroergosterol (DHE) and H 2 O 2 , in a time-dependent manner whereas citral only affected their levels at 120 h. Energy dispersive X ˗ ray spectroscopy (EDAX) studies suggest that both the monoterpenoids treatment differentially modulated the cellular elemental contents. Geraniol (0.03% v/v) and not the citral treatment induced DNA damage. Cellular structural analysis showed that both monoterpenoids have differential damaging effects to S. cerevisiae. This study shows that having an aldehyde and alcohol group on the terpenoids strongly affect the anti-fungal activity.
Increasing resistance towards fungal treatment is an emerging health concern [1] . So, the new strategies to overcome the antifungal resistance are the need of the time for the effective treatment and prophylaxis of the fungal diseases. Induction of the multidrug efflux pumps encoded by the MDR or CDR genes along with an acquisition of point mutations in the gene encoding for the target enzyme ERG11 is reported being the most common mechanisms in developing drug resistance [2] . Many terpenoids present in the essential oils elicit improved antifungal properties independently as well as synergistically with the antifungals [3] . These monoterpenoids might prove effective even against the azoleresistant fungi [4] .
Geraniol is an acyclic monoterpene present mainly in the essential oil from Cymbopogon martinii (palmarosa). Other structurally and functionally similar monoterpene alcohols like menthol, linalool, and cineol are also reported [5] . However, the antifungal mechanism of these components is not completely understood. Geraniol is also reported to induce anticancer effect by inhibiting AKT signaling, activating AMPK, autophagy and induced apoptosis in PC3 cell lines [6] .
Another monoterpenoid, citral is the major component of many essential oils including the essential oils from Cymbopogon citratus and Cymbopogon flexuosus. Citral is a mixture of α and β forms viz. geranial and neral. The major component of citral is geranial, which is responsible for the strong lemony odour of citral. Geranial which differs from the geraniol in having aldehyde group, was found to be more potent than neral in inhibiting the tumor growth in 4T1 cells lacking p˗53 [7] .
Antifungal activities of geraniol and citral are reported against different fungi and yeast species [8] [9] [10] . Citral caused significant damage to the cell walls of rice blast fungus Magnaporthe grisia [11] . The major mechanism of antifungal action for geraniol and citral was by inhibiting the ergosterol biosynthesis pathway [12] . Citral is also reported to show antifungal activity by inhibiting ergosterol biosynthesis and cell cycle arrest [4] .
Although geraniol and citral e are known for their antibacterial, anti-cancerous and antifungal properties, their antifungal mechanism is not clearly understood. In this study, we report the antifungal mechanism by long-term acute test on S. cerevisiae using geraniol and citral, by carrying outgrowth inhibition studies, cellular viability assay and DNA fragmentation. We also show the changes in the media composition by analyzing the dhydroergosterol (DHE) which is the major constituent of yeast cell membrane and H 2 O 2 content, which is an oxidant generated during cellular processes in the media by fluorescence spectroscopy. The functional group analysis was studied by FT˗IR spectroscopy, and elemental composition changes were studied using EDAX. Further, we report the differences in surface morphologies using scanning electron microscopy (SEM). The changes were monitored over a long incubation period of 120 h and over a dosage range from 0.03 to 0.5% (v/v), to give a possible mechanistic idea about the antifungal potential of these monoterpenoids.
The growth inhibition studies of S. cerevisiae cells with both the monoterpenoids, geraniol, and citral, at 0.03% v/v treatment inhibited the growth completely after 24 h as observed by the OD λ=600nm values (Figure 1 a,b) . The OD λ=600nm decreased at 24 h till 0.1% v/v of geraniol and citral. The growth inhibition and MTT assay indicate that at higher concentrations > 0.25% v/v, there could exist a mechanism which supports the cell survival instead of cell death. These observations indicate that both geraniol and citral induce cell death differently at lower and higher concentrations. To confirm the apoptosis, representative samples which showed cell death in trypan blue staining are chosen for DNA fragmentation studies.
In our study, we used the simple DNA isolation protocol [13] Media composition changes indicate the response of the yeast subjected to different treatments. The media composition changes because of changes in metabolic pathways and metabolites produced by the yeast. Therefore, the media composition changes were analyzed for DHE and H 2 O 2 content by fluorescence spectroscopy, functional groups difference by FT˗IR spectroscopy and elemental composition by energy dispersive X˗ray spectroscopy (EDAX).
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Figure 6:
Fluorescence spectroscopy studies to measure dehydroergosterol (DHE) and H 2 O 2 (dilution factor-100). DHE measurements by excitation at 324 nm and taking emission spectrum from 350 nm to 500 nm. H 2 O 2 levels were measured by excitation at 365 nm and taking emission spectrum from 370 nm to 500 nm. a. DHE levels after 6 h, b. DHE levels after 24 h c. DHE levels after 120 h (dilution factor˗333). d. H 2 O 2 levels after 6 h e. H 2 O 2 levels after 24 h f. H 2 O 2 levels after 120 h (dilution factor˗333).
The excitation at 365 nm showed that the geraniol treated culture medium had the decreased emission for 365 nm excitation compared to control and citral in 24 h (Figure 6 d, e). After 120 h both geraniol and citral showed significantly reduced levels in the emission spectra as compared to control (Figure 6f ). The increase in the levels of H 2 O 2 in the untreated media after 120 h could be responsible for the reactive oxygen species-mediated cell death. However, the reduced level of these components was observed with citral and geraniol after 120 h. This indicates the cell death induced by the geraniol and citral treatments were not because of the H 2 O 2 . Both citral and geraniol are acting like antioxidants and the cell death observed by these components could be attributed to any other pathway that is operational in the yeast S. cerevisiae.
The characteristic functional groups were analyzed using FT˗IR spectroscopy. The results showed significant differences in the functional groups between control and treated cultures (Figure 7 a, b, c). The broad peak around 3416 cm ˗1 corresponds to hydrogen bonded -OH group. The presence of alcoholic and phenolic groups in the secondary metabolite is assigned to the high boiling point alcohols and phenols. Because part of the other low boiling point alcohols like ethanol or methanol, produced by S. cerevisiae evaporate during drying of the media.
The peak around 2955 cm ˗1 was found to be common in control and the treated media, could be assigned to alkanes, which are not varying with the treatments with geraniol and citral. The peak at 1645 cm ˗1 corresponds to the -NH group from the carbonyl groups of extracellular proteins present in the media. The broadness of the 1645 cm ˗1 peak stretching from 1751 cm ˗1 to 1491 cm ˗1 corresponds to the presence of alkenes, unsaturated esters. These esters were reported to be synthesized by the yeast S. cerevisiae during fermentation [15] . Other peaks at 1400 cm ˗1 belong to C˗C stretch corresponding to the secondary aromatic metabolites, 1115 cm ˗1 peak is assigned to C˗O stretch of the esters or ethers and the 613 cm ˗1 peak likely corresponds to the alkyl halides.
Carbon, nitrogen and oxygen content of medium play a critical role in the growth and maintenance of S. cerevisiae [16] . Elemental composition analysis was carried out mainly to know the difference in the levels of carbon, nitrogen and the oxygen of the control and the treated culture supernatants. The results were as shown in Figure 8 a, b, c and the Table (inset). There was not much difference in carbon percentage with control (44.75%), citral (43.85%) and geraniol (46.55%). The nitrogen content was comparatively high in the citral (16.52%) and geraniol (15.06%) as compared to control (12.76%). The oxygen content was found to be very high in citral (31.77%) treated medium compared to geraniol (27.16%) and control (26.68%). This shows the release of some nitrogen-containing compound could be toxic to the cells.
Scanning electron microscopic studies showed clear differences in surface morphology of the yeast cells with different concentrations of geraniol and citral treatments. The shrinkage was observed after 6 h at the induction of 0.1% v/v geraniol and citral (Figure 9 a,b) . At lower concentrations (0.03% v/v) of geraniol shrunken and few necrosed cells is observed after 48 h. However severe membrane damage to the yeast cells was observed with 0.1% v/v geraniol after 48 h (Figure 9c ). This could also be the phenomenon of fatty acid leakage, resulting in the damage by geraniol, as observed by Parashar et al. in S. cerevisiae [12] . The 0.25% v/v geraniol and citral treated cells observed after 120 h of treatment showed yeast cells with the surface with the irregular protrusions (Figure 9d ). This might be due to the cell undergoing shrinkage followed by survival. Phagosome like structures with sizes 150 nm to 1 µm is observed (Figure 9e, f) as reported by Baba et al. [17] were also seen in 0.5% v/v geraniol and citral treatment after 48 h. It could be an interesting futuristic perspective to understand the autophagyrelated pathways induced by citral and geraniol in the yeast S. cerevisiae. However, the present study focuses mainly on the other mechanisms which could be responsible for the cell death and cell survival at different concentrations of these compounds in yeast. The inhibitory and potentially damaging effect towards the fungal cell by both geraniol and citral is confirmed by growth inhibition, MTT and scanning electron microscopy. The studies showed that the inhibitory mechanism is dose-dependent. MIC was calculated based on the trypan blue staining, MTT and SEM studies for geraniol and citral. The minimum inhibitory concentration (MIC) in our study for both geraniol and citral was found to be 0.03% v/v, and MFC was 0.1% v/v when induced at log phase. The reported MIC and MFC vary with geraniol and citral to a great extent ( Table  1) . The results also suggest that at higher treatment concentrations these monoterpenoids have less toxic effects than at lower concentrations.
DNA fragmentation is a hallmark of apoptotic programmed cell death [18] . Both geraniol and citral caused DNA fragmentation in certain species, which cannot be generalized. Geraniol induced apoptosis in the cultured shoot primordia of Matricaria chamomilla [19] . Citral showed DNA fragmentation in MCF˗7 cell lines [20] . In our study, the DNA fragmentation results confirmed the apoptotic type cell death with geraniol at lower concentrations (< 0.1% v/v) in S. cerevisiae. However, it is noted that cell death induced by citral (< 0.1% v/v) was not accompanied by DNA fragmentation. This clearly shows that there is a differential effect on the DNA damage by the monoterpenoid alcohol (geraniol) and aldehydes (citral).
The osmotic parameters control the cell integrity changes which result in cell shrinkage and cell membrane damage. This study was designed to measure osmotic parameters viz. H + , Na +, and K + present at different intervals in the media after induction with different concentrations of geraniol and citral. Yeast cells adjust, within certain limits, to high external osmolarity [21] . In our study, the Na + and K + remained within limits, when compared to initial levels of these ions in the media. However, the fluctuations in H + , Na + and K + induced by geraniol and citral could be similar to the mechanism reported with alkanols and terpenoid phenols which elicit a toxic effect on ion transporters [22] . Also, treatment with geraniol causes direct K + ion leakage by the disruption of the plasma membrane of the yeast S. cerevisiae [9] . In our study, we have found the highest fluctuations of K + ions between 0.03% to 0.1% v/v of both geraniol and citral. However, the levels of H + , Na Ergosterol, one of the fungal sterols is an important precursor of cholesterol in evolution [27.28] . Dehydroergosterol (DHE) is an analog of cholesterol that is reported to mimic the cholesterol in membrane functions [19] . The obtained results showed that DHE level in the media decreased with geraniol and citral treatment. The DHE content increased with time significantly in the culture broth without any treatment (control) and slowly with the culture broths with geraniol and citral treatments after 120 h. The results confirm the antifungal effects of geraniol and citral which include the inhibition of DHE synthesis and release into media. The ROS species that affect the cell signaling constitute superoxide ion (O   2˗   ) , hydroxyl ion (OH•), and hydrogen peroxide (H 2 O 2 ). These are highly reactive and toxic molecules generated in cells under normal metabolic activities [29] . The 365 nm excitation showed emission maxima from 415 nm to 440 nm, which corresponds to hydrogen peroxide [30] . The inhibition of ROS by the action of geraniol and citral has been reported [22, 27] . Our study indicates a significant reduction in the levels of H 2 O 2 by both geraniol and citral at longer incubation time (120 h). Geraniol was the most effective antioxidant, protecting the cells from oxidative damage. The elemental analysis showed the nitrogen content was higher in both citral and geraniol treatments.
In this study, the antifungal mechanism of monoterpene alcohol (geraniol) and monoterpene aldehyde (citral) was studied using Saccharomyces cerevisiae throughout 120 h duration and over a maximum tolerable dosage of 0.5% (v/v). The present study reports the antifungal mechanism i.e. inhibition of growth and multiplication of the yeast, the osmotic and media composition changes and surface morphological changes of yeast. The mechanism of action of geraniol and citral, which are the aldehyde and alcoholic monoterpenoids differ mainly in the nature and orientation of their functional groups and indicates their role in C. albicans 0.5 mg/mL 1 mg/mL [4] P. italicum 0.5 µL/mL 1 µL/mL [26] Trichophyton rubrum (14  strains) 16-256 µg/mL - [16] eliciting the antifungal action. Geraniol clearly showed signs of apoptosis mediated by DNA fragmentation at lower concentrations. Both of these compounds increased the Na + /K + efflux, reduced level of free DHE and H 2 O 2 content into media. We confirm that both citral and geraniol are very good antioxidants. The functional group variation and elemental composition variation studies revealed the media composition was affected by the induction using geraniol and citral. Also, both geraniol and citral induced cytoprotection at higher concentrations. These results might help in deciding the dosage of citral and geraniol in antifungal formulations.
Experimental
S. cerevisiae yeast S288c (MTCC 824) was obtained from Institute of Microbial Technology, (IMTECH), Chandigarh, India. Yeast extract, peptone and dextrose (YPD) broth was obtained from Hi˗Media Lab, Mumbai. Citral (95%) and geraniol (98%) were obtained from Sigma laboratory, USA. The milli-Q water was used for media preparation and dilutions. All other regents used were of analytical grade.
Growth inhibition:
The yeast S. cerevisiae (S288c) revived in the 5 mL YPD (1% yeast extract, 2% peptone and 2% dextrose) medium by mixing the lyophilized powder at 25 °C for 2 to 3 h was streaked on the YPD slant (containing 2% agar) and kept at 25 °C for 48 h. After 48 h, the colonies were picked from the slant and inoculated into YPD broth and incubated at 25 °C by shaking at 150 rpm for 6 h. Once the OD λ=600nm reached ≥ 1, the culture was re˗inoculated at 10% level in YPD broth. This was used as inoculum for subsequent studies.
Once the cell count reached ~10 7 , the media was treated with different concentrations of geraniol and citral (0.03% v/v, 0.05% v/v and 0.1% v/v) as it was reported that palmarosa oil, of which geraniol is the major component, induced complete growth arrest of S. cerevisiae at 0.1% v/v concentration [9] . The optical density was measured at 600 nm pre-induction and post-induction at time intervals of 24 h and 48 h. The viable cells were counted using trypan blue staining. Further, 0.25% and 0.5% v/v of both geraniol and citral were used to see the higher concentration shock on the S. cerevisiae cells.
Cell viability:
MTT assay was performed using the method reported by Hodgson et al [10] with slight modifications. The aliquots of 500 µL of the culture broth, treated with different concentrations of geraniol and citral were mixed with 50 µL of MTT (5 mg/mL) and incubated at 30 °C for 2 h. To this, solubilization solution viz. propan˗2˗ol containing 0.04 M HCl was added and vortexed and centrifuged at 11600 rpm for 2 min. The absorbance of the dissolved formazan crystals present in the supernatants was measured at 570 nm. The absorbance of the untreated cells was considered as 100% and % viability in the treated samples was calculated (% viability = (OD λ=570nm of treated samples x 100)/ OD λ=570nm of untreated sample).
Osmotic stress (Na + /K + efflux): After the respective treatment with the monoterpenoids, the S. cerevisiae cells were pelleted by centrifuging at 7000 rpm, 4 °C for 15 min. The obtained supernatant was used for the pH and potential measurement at 24 h, 48 h and 120 h. The H + potential and osmotic stress (Na + /K + ) studies were carried out in the media using pH meter and flame photometer (CL 378, ELICO Ltd, India).
Media composition analysis:
Media composition changes indicate the way the media is used by the yeast and the type of metabolites that are released into the media. The possible secondary metabolites were analyzed using fluorescence spectroscopy, the functional group (alcohols, alkanes, extracellular proteins, alkenes and unsaturated esters) by FT˗IR spectroscopy and the elemental composition changes by EDAX. The concentration 0.1% v/v of both citral and geraniol treated for different time intervals were considered for the analysis as the cells showed cell death within 0.1% v/v and cell survival above this concentration. For the FT-IR and EDAX analysis the representative media were dried at 50 °C for 2 h in a petridish and the powder was scraped off and taken in an airtight vial for the FTIR and EDAX analysis.
Metabolites analysis:
The culture supernatant was appropriately diluted and checked for fluorescence properties at certain specific wavelengths randomly from 300 to 500 nm. The dehydroergosterol (DHE) and levels of H 2 O 2 radicals which have inherent fluorescence at 324 nm and 365 nm were studied for the extracellular sterol trafficking in the culture media. The inherent fluorescence properties were measured using fluorescence spectrophotometer (Perkin Elmer) at 5 nm slit width. The culture supernatants were diluted 100 times with water to get the fluorescence emission within 1000 arbitrary units. For 120 h old culture supernatants the supernatants were further diluted 3.33 times (from the 100 times diluted supernatants). These diluted culture supernatants were excited at 324 nm and 365 nm to quantify DHE and H 2 O 2 content by measuring the emission from 350 to 500 nm. [30] . The supernatants after 6 h, 24 h, 48 h and 120 h were used for further analysis.
FT˗IR spectroscopy: FT˗IR spectral analysis was carried out in order to assess the variations in the characteristic functional groups present in the media. The cell-free media from different treatments after 48 h were dried in hot air oven at 50 °C for 2 h and possible functional group variations in the dried media were recorded in KBr pellet. The FT˗IR spectra were collected for the dried media from different treatment using the Perkin Elmer FT˗IR spectrometer.
Elemental composition analysis by EDAX:
The dried media were analyzed for the elemental composition by EDAX using TEAM™ EDAX (EDAX, AMETEK material analysis division). The dried media powder were analyzed for their elemental composition at 15 kV.
DNA damage: Geraniol and citral induced DNA damage of S. cerevisiae was studied using DNA fragmentation. DNA was isolated from the monoterpenoids treated yeast cells with slight modification as reported earlier by Harju et al [13] . The cells were lysed by treating the cell pellet with lysis buffer (2% Triton X˗100, 1% SDS, 100 mM NaCl, 10 mM Tris ˗ HCl with 1 mM EDTA, and pH 8.0) and 2 cycles of freeze ˗ thawing, followed by ultrasonication on water bath (1 min) and incubation at 37 °C for 10 min. DNA was isolated using phenol-chloroform method and the DNA precipitate obtained by centrifugation at 10000 rpm, 4 °C for 10 min was re˗suspended in Tris˗EDTA buffer and 1.25% agarose gel electrophoresis was performed to visualize the DNA fragments under UV light.
Cellular ultra-structural analysis: In order to check the morphological changes of S. cerevisiae, we further characterized by scanning electron microscope (TESCAN, Vega3) operated at 15 kV. To prepare the samples for SEM images, one drop of culture broth was put on custom-made glass slide (1cm x 1cm, 1 mm thickness) and air dried for about 1 h. After drying, the cells were coated with gold by using sputtering unit at inert atmosphere. Coated slides were used for taking scanning electron microscopic images.
